Cell invasion and replication of bacteria within human colonic epithelial cells is the essential step of Shigella pathogenicity (18) . Large virulence-associated plasmids in Shigella species encode determinants necessary for epithelial cell invasion (36, 37, 44, 45) . DNA segments required for cell invasion have been cloned from these virulence-associated plasmids: a 37-kilobase-pair (kb) DNA segment of S. flexneri plasmid could restore the invasive phenotype to a plasmid-cured S. flexneri strain (23) . Both a 37-kb DNA segment and a virF gene of Shigella sonnei form I plasmid are required for expression of cell invasiveness in Escherichia coli K-12 (16) . The 37-kb DNA segment of S. flexneri plasmid and the 37-kb DNA region of S. sonnei plasmid are almost identical in restriction endonuclease cleavage pattern (16, 23, 39) and encode at least four ipa (invasion plasmid antigen [6] ) gene products (those of ipaA, ipaB, ipaC, and ipaD) (3, 42) and a 39-kDa invA gene product (46) . The ipa gene products induce strong antibody responses after shigella infections in monkeys and in humans (12, 32) .
Expression of the virulence phenotype is positively or negatively regulated by a plasmid or chromosomal gene. The virF gene (16) of S. sonnei plasmid positively regulates the ipa gene products and phenotypes of both contact hemolysis and cell invasion. The nucleotide sequence of the S. sonnei virF gene (16) is identical to that of the virF gene (33) in S. flexneri, which has been reported to be a virulence determinant and a positive regulator for both the ipa locus and a plasmid locus designated virG (20) . virG, which is necessary for the intracellular spread of Shigella spp. (20) , is not located in the 37-kb DNA segment of the S. flexneri plasmid. (16) . invE, invG, invF, invH, invJ, and invK are described in the text; invA was described previously (46) . Invasion plasmid antigen genes ipaB, ipaC, and ipaD were described previously (6) and in the text. Plasmids pHB44, pHB76, pHB37, and pHB105 are derivatives of pJK1142 carrying Tn3-HoHol in invJ, ipaB, invE, and ipaA, respectively. pHB44, pHB76, and pHB37 have Tn3-lacZ translational gene fusions with invJ, ipaB, and invE, respectively. The ipaA gene is located between invE and ipaD and is not involved in invasion (3) . Constructions of pHW732, pHW735, pHW736, pEA110, pHW757, and pHW731 are described in Materials and Methods. Symbols: L, mini-F cosmid vector pJK292 (17) 3.5-kb HindIII fragment of pHW741 (Fig. 1) into the HindIlI site of pUC19; the plasmids carried this HindIll fragment in opposite orientations. The deletion derivatives of pEA110 and pEA111 were obtained by using a deletion kit (Takara Shuzo Corp., Kyoto, Japan) essentially as described by Henikoff (14) and Yanisch-Perron et al. (48) . Each 9.5 ,ug of pEA110 and pEA111 plasmid DNA was digested with both KpnI and Sall, treated with 180 U of exonuclease III (37°C for 1 to 10 min), 50 U of mung bean nuclease (37°C for 60 min), and 2 U of Klenow fragment (37°C for 15 min), and ligated. The ligated DNA was transformed after digestion with SalI.
3-galactosidase assay. P-Galactosidase activity was determined essentially as described by Miller (28 J.
- Extraction of RNA and Northern (RNA) blot hybridization. RNA was prepared from cells as described by Gilman and Chamberlin (10) . Gels for Northern blot hybridization were 1.2% agarose-1.1% formaldehyde and were run at a constant voltage of 5 V/cm as described by Selden (40 (41) . From the analysis of each pJK1142::Tn3-lac insertion, we can estimate the inv region sequences required for cell invasion, their transcriptional orientations, and the conditions under which they are expressed. The pJK1142: :Tn3-lac insertions were generated in E. coli by Tn3-HoHol transposon mutagenesis as described in Materials and Methods. Seventy-one independent insertion plasmids were chosen as a representative set of inv: :Tn3-lac insertions. Each of these molecules is indicated by the number of the insertion preceded by the prefix pHB. The pJK1142::Tn3-Iac insertions (pHB plasmids) were transformed into MC1061 carrying pJK1143 (virF+), and the resultant transformants were examined for cell invasiveness, contact hemolysis, and production of ,-galactosidase (Fig. 2) .
Of the 71 insertions, 52 were negative for cell invasion. All of invasion-negative strains were negative for contact hemolysis activity (activity of <40), and all of invasion-positive strains were positive for contact hemolysis activity (activity of 400 to 900). Invasion ability fully correlated with contact hemolysis activity in this experiment. Analyses of invasionnegative insertion sites showed that an approximately 26-kb DNA region consisting of long (25 kb) and short (1 kb) DNA sequences was associated with cell invasion (Fig. 2) .
The promoterless lacZ element used as the insertion mutagen is an indicator for transcription of the sequences into which it has inserted (41). We examined P-galactosidase activity and orientation of the promoterless lac element of each insertion and found that invasion-associated genes on pJK1142 were transcribed in the opposite directions from near the middle of the region occupied by the invasion loci. (41) and is indicated by the horizontal line on the right. At least six methionine codons exist in frame 5' of the lacZ structural gene in Tn3-HoHol, and translation can initiate at one or more of these codons if transcription occurs across this region (41) . A protein of 120,000 Da would be derived from one of those translations.
Analysis of inv::lac gene fusions. Tn3-HoHol can generate both transcriptional and translational lacZ gene fusions (41) . We tried to detect hybrid 3-galactosidase fusions from Tn3-lac-generated fusions. All insertions were analyzed by immunoblot with anti-p-galactosidase serum. The lacZ gene used in Tn3-HoHol encodes a P-galactosidase protein of molecular weight 146,000 whose amino terminus is composed of sequences derived from tufB and rpoB fused in frame to the eighth amino acid of lacZ (19, 41) . To demonstrate that translational fusions were generated with Tn3-HoHol, it is necessary to detect hybrid proteins greater than this size synthesized from Tn3-HoHol-generated lac fusions. Of 27 invasion-negative, P-galactosidase-positive insertions, 8 (pHB37, -118, -76, -8, -114, -45, -44, and -95) synthesized hybrid P-galactosidase fusion proteins (Fig. 3) . These insertions also showed high levels of Pgalactosidase activity (>500 U at 37°C). The frequency (8 of 27) of hybrid proteins detected is not inconsistent with the fact that statistically, only one-third of the fusions would be in frame.
If posttranslational processing of hybrid proteins has not occurred, one can determine from the size of a hybrid P-galactosidase fusion protein where translation has initiated within the inv DNA sequences into which Tn3-HoHol has inserted. Since we obtained almost the same result as that shown in Fig. 3 in a Ion (protease-negative) mutant, we considered the possibility that the hybrid proteins detected were not those processed posttranslationally. The molecular size of each fusion protein is shown in Table 2 . The difference between the molecular size of a fusion protein and 146,000 daltons (Da) indicates the size of the peptide from the initiation site of translation to the site into which Tn3-HoHol has inserted. We determined the size of DNA sequences corresponding to each peptide, taking the mean molecular weight of an amino acid as 110. The Tn3-HoHol insertion sites, presumed initiation sites of translation of genes into which Tn3-HoHol has inserted, and the transcriptional orientations of the genes were estimated. Since the translational initiation site of each fusion protein was not overlapped, the fusion proteins were considered to have resulted from insertion of Tn3-HoHol into independent genes, which we designated invE, ipaC, ipaB, invG, invF, invH, invJ, and invK ( Fig. 1; Table 2 ).
We verified that the insertion sites of Tn3-HoHol in pHB76 and pHB118 were within the ipaB and ipaC genes (6), respectively, as follows. A whole-cell extract of MC1061 carrying pHB76 was analyzed by immunoblotting with antiIpaB serum and anti-p-galactosidase serum. A 182-kDa protein produced by pHB76 reacted with these two antisera (data not shown). This result indicated that pHB76 was generated by a translational lac gene fusion with ipaB and synthesized an IpaB-p-galactosidase hybrid protein. Similar experiments showed that pHB118 synthesized an IpaC-P-galactosidase hybrid protein (data not shown).
Regulation of lac fusion gene expression by virF and temperature. We have reported that virF in S. sonnei is a positive regulator gene for two phenotypes, cell invasion and contact hemolysis (16) . In this study, we monitored the expression of invasion-associated genes by assaying the P-galactosidase activities of translational fusions. Table 2 shows thegalactosidase activities of translational fusions in the presence or absence of the virF gene at 30 or 37°C. Expression of invE, ipaC, ipaB, invG, invJ, and invK was apparently regulated positively by virF (more than 30-fold increase) and by temperature. However, invF-and invH-lac fusions expressed greater ,B-galactosidase activity without the virF gene and showed a less than fivefold increase in ,B-galactosidase activity in the presence of virF. Expression of invF and invH was little influenced by temperature. These results indicate that the expression of invasion-associated genes is regulated in different modes.
Expression of ipa gene products in Tn3-lac insertions. IpaB, -C, -D, and -A are major protein antigens in rhesus monkeys and humans infected with Shigella spp. (12) . We examined whether each Tn3-lac insertion affected the expression of ipa gene products. All 72 Tn3-lac insertions were immunoblotted with serum of a monkey convalescing from shigellosis. All of the invasion-positive Tn3-lac insertions synthesized as almost as much Ipa protein as did a control, MC1061 (pJK1142, pJK1143). Invasion-negative Tn3-lac insertions whose genes are transcribed in the left-to-right direction (Fig. 2 ) also had no effect on expression of the ipa gene products (data not shown). However, invasion-negative Tn3-lac insertions whose genes are transcribed in the rightto-left direction (Fig. 2) did not synthesize some or all of the ipa gene products at the level of detection of this assay (Fig.  4) . Plasmids pHB114 (invF::Tn3-1ac) (Fig. 4, lane 2) (4) . Plasmid pHB37 (invE::Tn3-1ac), whose insertion was located in the locus downstream from ipaB, -C, -D, and -A (Fig. 2) , synthesized no ipa gene product. Other insertions within the invE locus, pHB6, -41, -106, and -40 ( Fig. 2) , also did not produce any of the Ipa proteins (data not shown). Requirement of both invE and virF for expression of ipaB and invJ. Strains in which the invE region was abolished could not synthesize the ipaB, -C, -D, and -A products even if the virF region was present (Fig. 4) . This result suggested that invE was a positive regulator gene different from virF. We performed the following experiments to confirm the involvement of invE in expression of invasion-associated genes and examine the interrelationship in function between invE and virF.
Plasmids pHW732 and pHW735, which contain neither invE nor virF, were used as monitor plasmids for expression of invJ and ipaB, respectively, by assaying for 1-galactosidase activity of the translational fusions. The replicon of these plasmids is derived from the F plasmid, and all regions essential for replication and stable partition are retained (17) ; the copy number of these plasmids appears to be one to two per cell. Positive regulation of invE by virF at the transcriptional level. We examined the interrelationship in function between invE and virF. To determine the expression of invE, we used pHW736, which carried the HindIII fragment of pHB37, including invE-lacZ translational fusion gene, and no other invasion-associated genes. pHW736 expressed greater 1- galactosidase activity in the presence of virF (Table 4 ). The expression of invE was positively regulated by virF. This positive regulation of invE by virF was at the transcriptional level, since the amount of RNA hybridized to invE was apparently greater in the presence than in the absence of virF (Fig. 5, lanes 2 to 4) We prepared three plasmids, pHW741, pHW757, and pEA110, which carried the 3.5-kb HindIII fragment (invE+; Fig. 1 ) on the vector plasmids pHSG595, pSU19, and pUC19, respectively, and determined the P-galactosidase activities of strains carrying either pHW732 or pHW735 with one of these three plasmids. The relative copy number of pHW741, pHW757, and pEAllO in those strains was 1:5:20, as judged from comparison of the densities of plasmid DNAs stained with ethidium bromide in agarose gels. ,-Galactosidase activity increased as the copy number of invE increased (Table 5) (20 ,ug per lane) was electrophoresed in 1.2% agarose-1.1% formaldehyde gels and transferred to a nitrocellulose filter. The filter was hybridized to the invE gene probe (see Fig. 1 gene product. Plasmids pEA110 and pEA111, which carried the 3.5-kb HindlIl fragment (invE+) on pUC19 in opposite orientations, were reduced by serial in vitro deletions. Positive regulatory activities of the deletion derivatives were monitored by two methods: assaying for ,-galactosidase activity of SB4288(pHW732) and for contact hemolysis activity of SB4288(pEA100) in the presence of invE deletions. The regulatory gene, invE, was found to be located in an approximately 1.1-kb region (Fig. 6) . The gene product of invE was determined by analysis with minicells. Only one band, of 35 kDa, could be clearly seen in pEA110 (Fig. 7, lane 2) . The 35-kDa protein was not produced by pEA154 and pEA173 (Fig. 7, lanes 3 and 4) , which had lost positive regulatory activity (Fig. 6 ). This result indicated that the 35-kDa protein was essential for the positive regulatory activity of pEA110.
Nucleotide sequence of the invE region. The nucleotide sequence of a 1.6-kb region of the invE locus is shown in Fig.  8 The -10 (TANNNT) and -35 (TTGACA) sequences found in E. coli promoters (26) are indicated in front of the sequence encoding the 35-kDa peptide (Fig. 8) . Deletion derivative pEA153, lacking this -35 sequence, showed reduced positive regulatory activity ( Fig. 6 and 8 pEA152, which retained 64 nucleotides upstream from the -35 region (Fig. 8) , showed higher positive regulatory activity (Fig. 6 ). Deletion derivative pEA172 showed reduced regulatory activity, but pEA171 was active ( Fig. 6 and  8) . A region of dyad symmetry near bp 1390, which is located between the deletion ends of pEA172 and pEA171, may act as a transcriptional termination site for invE.
The G+C content of invE gene was 34.09%. As expected from the high A+T content of the gene, codon usage was found to be quite different from that of E. coli (data not shown), as described for virF, ipaB, and ipaC (3, 33, 42 InvE appears to be significantly homologous to ParB of plasmid P1 (1) and SopB of F plasmid (30) , which are essential for stable plasmid maintenance and partitioning.
There is 42.8% identity on a stretch of 278 residues with ParB ( Fig. 9 ) and 30.4% identity on a stretch of 168 residues with SopB. If one takes into consideration the amino acids that are conservatively replaced, these similarities increase to 79.8 and 73.2% with ParB and SopB, respectively. InvE showed no significant homology with known activator proteins of the LysR, OmpR, and AraC families (15 Positive regulation appears to be quite common in the control of bacterial virulence. The toxR gene of Vibrio cholerae activates the transcription of cholera toxin (ctx), pilus, and outer membrane protein genes (29) . The vir locus of Bordetella pertussis positively regulates the pertussis toxin operon (ptx) at the transcriptional level (31) . The virF gene of Yersinia enterocolitica encodes a transcriptional activator controlling the yop (Yersinia outer membrane) regulon (7) . ToxR of V. cholerae and Vir of B. pertussis are members of the sensor-regulator paradigm that includes OmpR, PhoM, and VirG (27) . VirF of Y. enterocolitica is homologous to members of the AraC family (7) .
The product of the invE gene appears to be a protein of Replicons of pHW732 and pHW735 were derived from a mini-F plasmid that retained the sopB gene. However, genes invJ and ipaB of pHW732 and pHW735, respectively, were not expressed when invE was not present: the sopB gene could not complement the function of invE. Homology of proteins does not always mean functional similarity, and further investigation will clarify the functional relationship between partition protein and transcriptional activator.
The 26-kb DNA region of S. sonnei form I plasmid was essential for cell invasion. A similar region was also required for cell invasion in S. flexneri (39) . From the analysis of 3-galactosidase fusion proteins, eight genes were found to be located within the region. A characteristic feature is that the orientations of transcription of these genes were in opposite directions from near the middle part of the region occupied by the invasion loci. Leftward-directed transcriptions were involved in cell invasion and production of Ipa proteins. Rightward-directed transcriptions were also involved in cell invasion but not in the production of Ipa proteins. Expression of ipaB, ipaC, invG, invJ, and invK was positively regulated by the virF-invE positive regulator system and was also thermoregulated. Since virF and invE are essential for cell invasion and the invasion phenotype is thermoregulated (24) , the ipaB, ipaC, invG, invJ, and invK genes are probably involved in cell invasion. To verify this hypothesis, further complementation experiments and other studies are now under way in our laboratory.
Expression of invH and invF, which were located in the beginning of transcriptions in opposite directions, was different from that of other genes. ,-Galactosidase activity of VOL. 172, 1990 on December 29, 2017 by guest http://jb.asm.org/ Downloaded from the invF: :Tn3-1ac translational fusion was higher in the absence of the activator virF and was not influenced by temperature. Coexistence of an intact invF gene in this translational fusion results in reduction of P-galactosidase activity (Watanabe et al., in preparation) . The invF gene may be autoregulated.
The function of each gene is not known. We have obtained hybrid ,B-galactosidase fusions of each gene. It will be possible to purify fusion proteins and produce antibodies against them. The products and antibodies will provide useful tools for analyzing the function of each gene product.
